obJective Radioactive phosphorus-32 (P32) has been used as brachytherapy for craniopharyngiomas with the hope of providing local control of enlarging tumor cysts. Brachytherapy has commonly been used as an adjunct to the standard treatment of surgery and external-beam radiation (EBR). Historically, multimodal treatment, including EBR, has shown tumor control rates as high as 70% at 10 years after treatment. However, EBR is associated with significant longterm risks, including visual deficits, endocrine dysfunction, and cognitive decline. Theoretically, brachytherapy may provide focused local radiation that controls or shrinks a symptomatic cyst without exposing the patient to the risks of EBR. For this study, the authors reviewed their experiences with craniopharyngioma patients treated with P32 brachytherapy as the primary treatment without EBR. The authors reviewed these patients' records to evaluate whether this strategy effectively controls tumor growth, thus avoiding the need for further surgery or EBR. methods The authors performed a retrospective review of pediatric patients treated for craniopharyngioma between 1997 and 2004. This was the time period during which the authors' institution had a relatively high use of P32 for treatment of cystic craniopharyngioma. All patients who had surgery and injection of P32 without EBR were identified. The patient records were analyzed for complications, cyst control, need for further surgery, and need for future EBR. results Thirty-eight patients were treated for craniopharyngioma during the study period. Nine patients (23.7%) were identified who had surgery (resection or biopsy) with P32 brachytherapy but without initial EBR. These 9 patients represented the study group. For 1 patient (11.1%), there was a complication with the brachytherapy procedure. Five patients (55.5%) required subsequent surgery. Seven patients (77.7%) required subsequent EBR for tumor growth. The mean time between the injection of P32 and subsequent treatment was 1.67 ± 1.50 years (mean ± SD). conclusions In this small but focused population, P32 treatment provided limited local control for cyst growth. Brachytherapy alone did not reliably avert the need for subsequent surgery or EBR.
C raniopharyngiomas present a therapeutic challenge to neurosurgeons. Although these tumors are considered benign, the tumor often grows into the surrounding brain. This creates substantial difficulty for complete removal, with high risks of morbidity and recurrence. 15, 31 Despite the daunting challenge, survival for these patients has improved over the years. 8 Morbidity risk remains high, with endocrine deficiencies in as many as 85% of patients, visual compromise in up to 63% of patients, and cognitive deficits in up to 40%. 9, 10, 14, 15 Morbidity risk comes not only from direct effects of the tumor, but also from adverse effects of treatment.
The treatment approach has ranged over the years from aggressive resection 9 to mere biopsy with radiation. 6 Currently, most surgeons prefer a balanced approach that involves conservative resection with postoperative radiation. 16, 25, [29] [30] [31] This balanced approach has yielded satisfactory outcomes, with local tumor control rates greater than 75%.
14 Advanced surgical and radiation techniques have reduced the risks of endocrine and visual complications. 10, 16, 25 However, both surgery and radiation carry inherent risks. External-beam radiation (EBR), in particular, carries risks of cognitive decline, vision impairment, and endocrine dysfunction. 2, 17, 27, 28 abbreviations EBR = external-beam radiation; MCA = middle cerebral artery; P32 = phosphorus-32. submitted May 21, 2015 . accePted August 10, 2015 . include when citing Published online December 18, 2015; DOI: 10.3171/2015.8.PEDS15317.
Efficacy of phosphorus-32 brachytherapy without external-beam radiation for long-term tumor control in patients with craniopharyngioma
More than 90% of craniopharyngiomas have a cystic component; approximately half are predominantly or purely cystic. 17, 28 The cyst itself may cause clinical symptoms from local mass effect. Intracystic brachytherapy may provide local control of the cyst by direct injection of a radioactive agent (a b-emitter; in the US, the agent used is primarily phosphorus-32 [P32]), thus applying focused, local radiation. 17 This concept was first described by Leksell and Liden in 1952. 19 Ideally, brachytherapy will control the tumor without exposing the patient to the risks of external radiation. Numerous studies have been published on its techniques, indications, and efficacy. 4, 5, 7, 11, 12, 17, 21, [26] [27] [28] In most studies, brachytherapy is combined with EBR. Previously, we attempted to treat predominantly cystic craniopharyngiomas with brachytherapy alone, withholding external radiation. In this study, we examined the records of patients who were treated in this manner to analyze whether brachytherapy alone prevented the need for subsequent external radiation therapy.
methods
The study began after approval by the Indiana University institutional review board. A retrospective review was performed of the records of patients treated for cystic craniopharyngioma at Riley Hospital for Children (Indianapolis, IN) between 1997 and 2004. This study period was chosen because this was the time when P32 brachytherapy was used as a primary treatment at our institution. Patients who had undergone surgery (biopsy or resection) with P32 instillation but without initial EBR were identified. Data points included age at diagnosis, sex, treatment (surgical procedures, radiation therapy), date of last follow-up, preoperative symptoms, postoperative complications, number of P32 injections, complications from P32, evidence of cystic recurrence or tumor progression, and the initial extent of resection. These patient records were analyzed to determine if P32 brachytherapy prevented the need for further surgical or EBR therapy. Failure of therapy was defined as radiographic increase in size of the cyst or lack of shrinkage as shown on serial imaging. Local control was defined as shrinkage of the cyst as shown on serial imaging. Extent of resection was defined as complete if postoperative MRI showed no enhancing areas, and partial if enhancement or calcification remained on the postoperative scan.
surgical technique
Treatment strategies were individualized based on the patient's age, presentation, clinical findings, and anatomy of the tumor. During the study period, we were fairly conservative with surgery, with the goal of gross-total resection. At the time, we also were conservative with EBR for fear of the long-term effects. Patients were selected for P32 brachytherapy if their tumor had a large cystic component but was unlikely to be resectable without significant morbidity to the patient. Patients who had a tumor with a large solid component were also treated with EBR. Patients with a primarily cystic tumor with a small solid component were treated with brachytherapy alone.
Nine patients were identified who were treated with brachytherapy without EBR. Two techniques were used to instill P32 into the tumor cyst. 4 The method chosen was individualized by the treating surgeon for each particular patient. In 7 of the 9 patients, a cyst puncture catheter was stereotactically inserted into the cyst and connected to a subcutaneous reservoir for the dual purpose of periodic drainage of cyst fluid and instillation of the radioactive agent. In these patients, the radioactive agent was instilled through the reservoir after a volume of cyst fluid equal to the volume of P32 solution was removed. In cases where the cyst itself was symptomatic, approximately 30% more cyst fluid was removed. Radioactive materials were acquired through the radiation safety officer at Indiana University School of Medicine. Bremsstrahlung scans were obtained 1 week after injection. This scan is essentially a single image taken with a radiation camera that assesses for leakage of radioactive material from the original injection location. In the remaining 2 patients, the radioactive material was injected directly using stereotactic guidance to access the cyst with a needle. In both these cases, after the radioactive compound was injected, barbotage was used to adequately mix the agent with cyst fluid. The radiation dosage was calculated to be approximately 300 Gy to the cyst wall.
results
Thirty-eight patients were treated for craniopharyngioma during the study period. Thirteen of these patients underwent injection of P32. Four of the 13 patients had prior or concurrent EBR treatment. The other 9 patients underwent surgery followed by brachytherapy without EBR. Demographic data of these 9 patients, including age at diagnosis, presenting symptoms, extent of resection, number of P32 injections, as well as complications from surgery or instillation of P32, are presented in Table 1 . There were 6 boys and 3 girls ranging in age from 3 to 15 years. For 2 of the 9 patients (22.2%), control of the cyst was obtained with only P32 instillation and no EBR at a mean ± SD of 3.5 ± 3.5 years. Seven patients (77.7%) required EBR subsequently for tumor growth at a mean of 22.2 ± 17.8 months. Five patients (55.5%) required subsequent surgery (cyst fenestration or shunting) for tumor progression at a mean of 1.67 ± 1.50 years. The mean length of follow-up for the whole population was 6.7 ± 3.5 years. Seven of the 9 patients (77.7%) had progression or recurrence of solid portions of their tumor. One patient died as a result of her tumor 12 years after diagnosis.
There was no relationship detected between the number of P32 injections and complications related to the injections. Radioactivity scans in all cases showed confinement of radioactivity to the cyst contents. For 1 patient (11.1%), there was a complication (hyponatremia) with P32 instillation, which may have been related to irritation of the pituitary gland. One patient in our series had a middle cerebral artery (MCA) stroke on the right side, which was not attributed to the instillation of P32. No patients with intact vision preoperatively had worsened vision postoperatively. Five of the 9 patients (55.5%) had diabetes insipidus following surgery. All patients had adamantinomatous histological subtypes. There were no clear differences in the demographic characteristics of the 2 patients who had cyst control compared with the 7 who did not. One patient (Case 1) had an initial partial resection, and the other (Case 3) had an initial gross total resection.
Among patients who underwent primary P32 therapy, 77.7% (7 of 9) had solid tumor recurrence or growth. Conversely, patients who did not have P32 as primary therapy had a solid tumor recurrence rate of 28.6%.
illustrative case case 4
A 3-year-old boy presented with worsening headaches and clumsiness. These headaches woke the child from sleep. He was not having any nausea, vomiting, or fevers. He did not have any issues with urination or thirst. He had a normal height and weight for his age. Ophthalmological evaluation showed mild papilledema, but formal visual field evaluation was limited by the child's lack of cooperation. Endocrinological work-up showed mild prolactin elevation with a slightly low level of thyroid-stimulating hormone. His physical examination was otherwise unremarkable.
Preoperative MRI (Fig. 1 upper) showed a predominantly cystic lesion with enhancing borders, as well as evidence of hydrocephalus and transependymal flow (Fig.  1 lower) . The child initially underwent a bicoronal craniotomy for gross-total resection with fenestration of the septum pellucidum (Fig. 2) . Postoperatively, he had left arm and leg weakness, which improved with rehabilitation. He did not undergo ventricular shunting at the time. He required treatment with thyroxine and growth hormone. He did not undergo radiation therapy.
Just over 1 year later, the patient presented with worsening headaches and vision, as well as concerns about hydrocephalus based on imaging. He had a ventriculoperitoneal shunt placed at that time. Detailed imaging obtained after the shunt placement showed recurrence of the tumor with a multilobulated cystic component (Fig. 3) . He then underwent stereotactic instillation of P32, according to the technique outlined above. He tolerated this procedure well and was discharged to home. On the initial follow-up imaging 3 months later, the cysts were slightly decreased in size (Fig. 4) . At that time, it was decided to follow the patient clinically and radiographically. Upon follow-up imaging 6 months after his initial P32 treatment, the patient returned once again with worsened vision and headaches (Fig. 5) . At this time, he underwent placement of a catheter and subcutaneous reservoir to aspirate cyst fluid. More P32 was injected after 4 weeks, to give the cyst time to seal around the catheter. The patient was followed up for 1 year after the second instillation and was again noted to have an increase in cyst size (Fig. 6) . At this point, he underwent proton beam radiotherapy. The patient has not required any further surgical or radiation treatment in the 7 years of subsequent follow-up. He does have diabetes insipidus, panhypopituitarism, hypothalamic obesity, and hemiparesis. He attends school at the appropriate grade level.
discussion
The technique of instillation of a radioactive compound to treat cystic craniopharyngiomas was first described by Leksell and Liden in 1952. 19 A number of studies have assessed this modality since then. 4, 5, 7, 11, 17, 21, 22, 27, 28 By and large, these studies have shown good cyst control with 1 or more instillations of P32 or yttrium-90. Almost all of these studies (including one from our institution) included patients who underwent multiple modalities of therapy, including varying degrees of resection and EBR. There remains no ideal therapy for craniopharyngioma and many patients require multimodal therapy. Currently, the consensus strategy includes maximal safe resection (i.e., without harming endocrine and visual structures) with radiation of any remnants. 16 In the present study, we focused on a small group of pediatric patients with primarily cystic craniopharyngioma treated with intracystic P32 who did not undergo concurrent EBR therapy.
The efficacy of brachytherapy has been extensively discussed in a number of small, retrospective studies. Julow et al. 11 showed shrinkage of the cyst from a mean volume of 10.6 ml to 1.0 ml in 60 patients who underwent instillation of yttrium-90. These authors noted that the patients did not have any changes in neurological symptoms, which they attributed to solid tumor components. Interestingly, none of the patients in the study by Julow et al. had undergone EBR, similar to our own study. Similarly, Voges et al. 28 showed complete shrinkage in almost 50% of their study population of 68 patients, with partial shrinkage in approximately one-third, also with yttrium-90. This group also demonstrated improvement in visual function after instillation. Patients in this study did undergo EBR therapy prior to or concomitant with intracystic therapy. Pollack et al. 21 published an early experience with P32 instillation in 9 patients. Their study showed significant reduction in cyst size on follow-up imaging in all patients. Similar to others, this study showed that solid tumor progression continued despite cyst regression. Their study showed improvement in visual function in 4 of the 9 patients at follow-up. These authors did include patients who had undergone EBR. Van den Berge et al. 27 showed cyst regression in most of their 31 patients, with clear recurrence of cysts in 3 of them. Notably, visual acuity improved in 11 of 31 patients who had decreased vision preinstillation. 27 All of these studies included a wide range of both adult and pediatric patients. A study from our own institution showed a 42% cyst control rate with P32 instillation. 4 This study included patients who underwent prior or concurrent EBR. In the present study, we focused on the 9 patients who underwent P32 brachytherapy alone without EBR. In our experience, patients with EBR had improved tumor control rates, suggesting that this therapy is more efficacious than brachytherapy alone.
Complications from instillation of radioactive compounds into tumor cysts have been reported. In our series, 1 patient developed hyponatremia and resultant seizures after the treatment. One patient suffered an MCA stroke, which was not attributed to the treatment. Other authors have reported complications including cranial nerve palsies, 2 worsened vision, 17, 27, 28 and endocrine dysfunction. 2, 17 Leakage of radioactive material from the cyst has also been reported. 3, 28 Fortunately, no patient in our series experienced leakage of radioactive material. This is certainly a dreaded complication due to the potential for subarachnoid distribution of radioactive material, with a risk of tissue damage and vascular injury. All studies published used techniques to follow the placement of radioactive material and reassess this placement at some point after the procedure itself. 4, 5, 7, 11, 17, 21, 22, 27, 28 Kickingereder et al. suggested injecting a benign radiotracer to determine security of the cyst walls prior to injection of the actual radioactive agent. 17 Craniopharyngioma remains a challenge to treat despite advances in technology, surgical technique, and expertise. Over the last 50 years, the pendulum of optimal therapy has swung from aggressive resection 9, 30 to more conservative treatments (e.g., biopsy, shunting) combined with radiation, 6, 18, 30 and it has now settled somewhere in between. Treatment should be tailored to the patient's clinical status and individual tumor anatomy to achieve the best outcome. 2, 31 Intuitively, it makes sense to the surgeon to remove as much tumor as possible, while saving critical structures to preserve vision and endocrine function. However, this drive must be countered by the potential risks associated with overly aggressive resection, such as devastating endocrine dysfunction or neurological deficits.
External-beam radiation carries the risks of alopecia and skin erythema, as well as visual deficits, hydrocephalus, and global cognitive deficits. Longer term, children may also develop optic neuropathy, endocrine disturbances, language and cognitive problems, and, rarely, secondary malignancies and radiation-induced vasculitis. 13 Optic neuropathy is a dose-limiting complication, because the tolerance for radiation exposure at the optic chiasm is estimated to be approximately 12 Gy before the risk of optic neuropathy rises significantly. 24 In young children, cognitive problems may persist for years after treatment.
1, 23 The incidence of secondary malignancy may be as high as 4% and may also persist for several years after radiation. 20 The goal of brachytherapy is to apply local radiation to a restricted area without passing through critical brain structures. Brachytherapy is primarily applied to patients who have tumors with large cystic components.
It was hoped that brachytherapy with P32 alone would control cyst growth without concurrent EBR. However, in our series, 7 of 9 patients (77.7%) showed tumor progression sufficient to merit further radiation treatment within a mean of 22.2 ± 17.8 months. Five patients (55.5%) required further surgery. Therefore, although brachytherapy may be part of a multimodal approach, our data did not support it as a stand-alone therapy for craniopharyngioma cysts. Within our institution, there has been a shift away from brachytherapy because trends in the literature suggested that a combination of surgery and EBR was more efficacious based on a patient's individual tumor. 16, 25, [29] [30] [31] Similar to prior studies, we also found that P32 did not control solid tumors. 11, 31 limitations of the study Our study is limited primarily by its small size and retrospective nature. Furthermore, no information was collected on quality of life or overall functional status at last follow-up. This is important information because many patients with craniopharyngioma suffer cognitive effects of both the disease and its therapies. Outcome assessment of patients with craniopharyngioma should ideally include this information to obtain a holistic picture.
conclusions
We present a small but highly focused retrospective study on the efficacy of P32 instillation in pediatric patients with primarily cystic craniopharyngiomas who did not undergo concurrent EBR. Long-term cyst control was achieved in very few patients, and 77.7% of them required subsequent radiation therapy within 22.2 ± 17.8 months.
Treatment of patients with craniopharyngiomas should be individualized with multimodal therapy; our data do not support brachytherapy as a stand-alone treatment for cysts. 
